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Abstract: Cardiac magnetic resonance (CMR) imaging is used widely for morphological assessment
and diagnosis of various cardiovascular diseases. Deep learning approaches based on 3D fully
convolutional networks (FCNs), have improved state-of-the-art segmentation performance in CMR
images. However, previous methods have employed several pre-processing steps and have focused
primarily on segmenting low-resolutions images. A crucial step in any automatic segmentation
approach is to first localize the cardiac structure of interest within the MRI volume, to reduce false
positives and computational complexity. In this paper, we propose two strategies for localizing
and segmenting the heart ventricles and myocardium, termed multi-stage and end-to-end, using a
3D convolutional neural network. Our method consists of an encoder–decoder network that is
first trained to predict a coarse localized density map of the target structure at a low resolution.
Subsequently, a second similar network employs this coarse density map to crop the image at a
higher resolution, and consequently, segment the target structure. For the latter, the same two-stage
architecture is trained end-to-end. The 3D U-Net with some architectural changes (referred to
as 3D DR-UNet) was used as the base architecture in this framework for both the multi-stage
and end-to-end strategies. Moreover, we investigate whether the incorporation of coarse features
improves the segmentation. We evaluate the two proposed segmentation strategies on two cardiac
MRI datasets, namely, the Automatic Cardiac Segmentation Challenge (ACDC) STACOM 2017,
and Left Atrium Segmentation Challenge (LASC) STACOM 2018. Extensive experiments and
comparisons with other state-of-the-art methods indicate that the proposed multi-stage framework
consistently outperforms the rest in terms of several segmentation metrics. The experimental results
highlight the robustness of the proposed approach, and its ability to generate accurate high-resolution
segmentations, despite the presence of varying degrees of pathology-induced changes to cardiac
morphology and image appearance, low contrast, and noise in the CMR volumes.
Keywords: cardiac MRI; deep neural network; CNN; multistage segmentation; MRI segmentation;
cardiovascular diseases
1. Introduction
Cardiovascular diseases (CVDs) and other cardiac pathologies are the leading cause of
death in Europe and the USA [1,2]. Timely diagnosis and post-treatment follow-ups are
imperative for improving survival rates and delivering high-quality patient care. These steps rely
heavily on numerous cardiac imaging modalities, which include CT (computerized tomography),
coronary angiography, and cardiac MRI. Cardiac MRI is a non-invasive imaging modality used to
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detect and monitor cardiovascular diseases. Consequently, quantitative assessment and analysis of
cardiac images is vital for diagnosis and devising suitable treatments. The reliability of quantitative
metrics that characterize cardiac functions such as myocardial deformation and ventricular ejection
fraction, depends heavily on the precision of the heart chamber segmentation [3]. Manual segmentation
is an error-prone, time-consuming, and tedious task, which requires roughly 20 min per ventricle for
an expert, even with assistance from a suitable software [4,5]. Additionally, manual approaches suffer
from high inter- and intra-rater variability, affecting the reproducibility, interpretability, and reliability
in the diagnostic workflow. Consequently, the development of an accurate, efficient, and automatic
approach for cardiac segmentation is highly desirable.
Among the four heart chambers, imaging of the left ventricle (LV), right ventricle (RV) and left
atrium (LA) are of great importance and interest, as several cardiac diseases affect the morphology
and function of these structures, such as atrial fibrillation (AF), cardiomyopathy, etc. [6]. An essential
step in any automatic segmentation approach is to first localize the cardiac structure of interest within
the MRI volume, to reduce false positives and computational complexity, by limiting the computation
domain to the vicinity of the target structure.
Robust and accurate anatomy localization is an active area of research, and one of significant
interest, due to the ever-increasing numbers of 3D medical images acquired in clinics worldwide.
Such approaches enable faster data navigation and visualization of target structures, saving valuable
time for the radiologist [7]. Additionally, they help initialize subsequent segmentation or registration
algorithms, thereby significantly improving their performance, as demonstrated in the previous
studies [8]. Overall, it is a crucial component in the design of an accurate computer-aided-diagnosis
(CAD), and clinical decision support workflow.
2. Related Work
Traditional approaches to cardiac MRI segmentation were model-based, or hybrid techniques,
which employed deformable [9], active contour [10], or statistical shape models [11], in combination
with thresholding and morphological operations. A variety of atlas-based label fusion
approaches [12–14] have also been proposed for the same task.
Recently, there have been tremendous improvements in cardiac MRI segmentation [15], and in
medical image segmentation in general, using deep convolutional network architectures [16,17].
These networks are usually encoder–decoder type architectures, where the role of the decoder
network is to project the encoded low-resolution feature maps, to high-resolution ones for pixel-wise
classification. Encoder–decoder-based CNN architectures have been used extensively for several
medical image segmentation applications. For example, Zotti et al. [15] proposed an extension to
the U-Net. A cardiac shape priorly employed to accurately localize the endo- and epicardium of the
left ventricle and the endocardium of the right ventricle. It achieved using a multi-resolution grid
architecture that learned both low and high-level features to register the shape prior to a short-axis
cardiac MRI.
Xiong et al. [18] proposed AtriaNet for segmenting left atria in 3D late gadolinium-enhanced
(LGE)-MRI. Their method consists of a multi-scale CNN architecture, which captures both local and
global atrial morphology. AtriaNet achieved a dice score of 0.940 and 0.942 for the LA epicardium and
endocardium. A spectrum-based method developed by Zhong et al. to locate the left ventricle using
a discrete Fourier Transform [19]. Harmonic images of all frequencies were analyzed visually and
quantitatively to determine different spectral patterns for the left and right ventricles. The first and
fifth harmonic images were selected to perform an anisotropically-weighted circular Hough detection.
Omega-net proposed by Vigneault et al. [20] for the ACDC challenge [21], comprises multiple
steps—any given input image is first segmented using the network; subsequently, the features learned
during this initial step are used to predict the parameters needed to transform the input image into
a canonical orientation; and finally, the image is segmented once again in the transformed canonical
space. A two-stage CNN-based approach proposed by Yang et al. [22] for left atrium segmentation,
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which comprised a detection module, and a subsequent segmentation step using transfer learning,
a novel focal loss, and a recursive training strategy. Similar approaches used in CT [23,24]. Furthermore,
Isensee et al. [25] created an ensemble of 2D and 3D U-Net architectures (with residual connections
along with the up-sampling layers) for the heart segmentation and disease diagnosis challenges hosted
as part of the STACOM workshop at MICCAI 2017. Here, due to the large slice thickness of the input
images, pooling and upsampling operations were performed only in the short axis plane, for the 3D
network. Moreover, due to memory constraints, the 3D network was designed using a smaller number
of feature maps.
In a more clinically adapted approach [26] employed a deep learning model for cardiac motion
analysis and human survival prediction. They used MR sequences to train a multi-task convolutional
neural network for image segmentation and anatomical keypoint extraction. The key points were
employed for further motion estimation. Moreover, based on the segmentation output, they extracted
latent representation to predict the survival rate of the patient. Ruijsink et al. [27] proposed a
deep-learning framework based on biventricular segmentation (3975 subjects) in long-axis and
short-axis views and a post-analysis quality control to detect erroneous results. They cropped images
automatically based on the center of the MR images to find the region of interest only. Moreover,
Fahmy et al. [28] proposed a method for automatically quantifying LV mass and scar volume on LGE
in patients with cardiomyopathy. However, most of these methods are based on 2D models.
To address the challenges as yet unmet by existing methods such as model complexity, robustness
to noise, and lack of incorporating temporal information, we propose a fully 3D automatic deep
learning model for localizing and segmenting ventricular anatomies in cardiac MRI. The objective is to
facilitate the generation of accurate, high-resolution segmentation, by detecting the cardiac anatomy
first. To this end, a multi-stage fully convolutional neural network was designed, wherein the first
stage estimates a coarse density map localizing the structure of interest. It acts as an attention map
to guide the second network (segmentation) to focus on the region of interest (ROI). Two strategies
to focus the second stage of the network using the estimated attention map are investigated, namely,
a ‘multi-stage’ and an ‘end-to-end’ approach. For the former, the attention map enables an ROI to
be cropped from the input volume, maintaining the same image resolution. The cropped ROI is
subsequently used by the second stage of the network to segment the structure(s) of interest at the
original resolution of the image. As the training of each step is disjoint, we call it as ‘multi-stage’.
With the ‘end-to-end’ approach, the attention map estimated by the first stage of the network is added
to a downsampled (low-resolution) version of the original image and used as input for the second
stage of the network.
We applied our framework to the challenging task of cardiac MRI segmentation to highlight
the efficacy of the proposed contributions. It is considered a challenging segmentation task due to
low and varied contrast at tissue-boundaries, and large variability in the morphology of cardiac
structures across healthy subjects, and patients suffering from different cardiac diseases. We evaluated
our framework on two publicly available datasets: Automatic Cardiac Segmentation Challenge
(ACDC) STACOM 2017 [21]; and Left Atrium Segmentation Challenge (LASC) STACOM 2018
(http://atriaseg2018.cardiacatlas.org/) datasets.
3. Methods
In this section, first we describe our proposed methods for cardiac MRI localisation and
segmentation in detail, and then, explain the performed experiments on different datasets.
The proposed multi-stage network consists of three modules: an encoder–decoder for localisation,
gradient-weighted class activation maps (GCAM) for density map generation, and an encoder–decoder
for final segmentation. The overall architecture is depicted in Figure 1. The first network takes the
downsampled MRI volumes as input and produces coarse feature maps for each volume. The GCAM
module estimates the gradient-weighted activation maps of the object of interest from these feature
maps and subsequently, a fixed-size sub-volume is cropped based on the GCAM density map.
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The outputs of this module are then used by the second encoder–decoder network, to generate the final
segmentation. An end-to-end variant of this network was also designed, wherein, a dot product of the
coarse feature map estimated from the first module and the input volume is computed to generate
an ‘attention’ map. This attention map is used in place of the GCAM module and cropping function
employed by the multi-stage network and forms the input for the subsequent segmentation network.
Figure 1. Overall pipeline for the proposed multi-stage network architecture, which depicts an
example late gadolinium-enhanced (LGE)-MRI scan with its corresponding intermediate GCAM result.
Both encoder–decoder networks used for localisation and segmentation have similar architectures,
except in terms of complexity (i.e., number of convolution kernels used in each encoder–decoder block).
For both the localization and segmentation networks, we developed a 3D dilated residual U-Net
(3D DR-UNet) as the backbone architecture. It is motivated by the success of the U-Net [17] which uses
an encoder–decoder architecture, interconnected with skip connections. Conceptually, the encoder
path is used to aggregate semantic information at the cost of reduced spatial information. The decoder
path is the counterpart of the encoder that reconstructs the spatial information while being aware
of the semantic information learned by the encoder. Skip connections are used to transfer feature
maps from the encoder to the decoder to enable precise localization of objects, and improved flow of
gradients during backpropagation.
3D DR-UNet (refer to Figure 2) comprises three encoder and decoder blocks, separated
by a bottleneck block (Figure 2). This is followed by a 1 × 1 × 1 convolution layer and a
sigmoid/softmax-classifier. The architecture includes skip connections between all encoder and
decoder blocks at the same spatial resolution. Each encoder/decoder block consists of two 3D
convolution layers, where each convolution layer is proceeded by a batch-normalization and a
Rectifier Linear Unit (ReLU) layer. In each encoder–convolution block, the input of the first
convolution layer concatenated with the output of the second convolution layer (red line in Figure 2).
The subsequent 3D max-pooling layer reduces the dimensions of the volume by half. The use of
residual connections [29] between convolution layers of each block in the encoder, help improve the
flow of gradients in the backward pass of the network. Image dimensions are preserved between
the encoder–decoder branches following convolutions, by zero-padding the estimated feature maps.
It enabled corresponding feature maps to be concatenated between the branches. We use 1 × 1 ×
1 convolution to aggregate the feature maps from the final decoder block. This operation improves
discriminative power as feature maps with lower activations are more likely to be suppressed through
the assignment of lower weights. Ultimately, a sigmoid activation function was used in the last layer
of the first network to produce a value between 0 and 1 for binary segmentation, and a soft-max
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layer was used for multi-label segmentation, to distinguish the background from the foreground
classes. Our network takes a volume fs as input with an image size of N × N × N × 1 and produces
a segmentation mask of N × N × N. Compared to 3D U-Net, we replace the bottleneck convolution
layers of the network with dilated convolutions [30] of size 3× 3× 3, to enlarge the receptive field and
enable the network to capture both local and global contextual information. The dilation rate of the
four convolution layers is increased successively from 1–8, and subsequently, their feature maps are
summed together, enabling the network to capture the entire volume’s field of view.
Figure 2. This figure illustrates the architecture of the 3D Dilated Residual U-Net (3D DR-UNet)
comprising encoder/decoder blocks. The bottleneck comprises four convolution layers with
successively increasing dilation rates from 1–8, to increase the receptive field size. In the encoder block,
the red arrow represents the residual connection between convolution layers.
Due to GPU memory constraints, it is usually infeasible to process the entire 3D image volume
during training. A typical solution is to downsample the original images to a manageable size, however,
this adversely impacts the overall segmentation accuracy. Another solution adopted in previous
studies is based on a sliding-window, which crops the original images into small blocks and performs
segmentation in a block-wise manner. In this study, we propose two different methods for cardiac MRI
localization and segmentation, namely, a ‘multi-stage’ and an ‘end-to-end’ network. The former in
particular is designed to address this issue by localizing and cropping the ROI, thereby reducing the
computational expense.
Multi-stage localisation and segmentation: This setup comprises three modules—(a)
localization: an encoder–decoder network (based on the 3D DR-UNet) is first used to localize the
structure of interest; (b) GCAM: The coarse feature maps produced by the localizer is used by this
module to estimate gradient-weighted class activation maps (or GCAM) [31], which is a generalization
of class activation (CAM) [32], that provides localized density maps. GCAM discovers the class-specific
contribution of each pixel in the feature maps of the final convolution layer to the classification score,
based on their corresponding gradients. We compute the gradients of the target class score with
respect to the feature maps x and then sum the feature maps along the channel axis, weighted by these
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where xk ∈ IRZ,W,H is the kth channel of the feature map x, and Sc is the classification score of class
c. Z, W and H are the depth, width, and height of image respectively. The estimated GCAM is
subsequently used to crop a small ROI, thereby reducing the overall computational expense for the
subsequent segmentation step; and (c) segmentation: the cropped ROI is used by the segmentation
network (also based on the 3D DR-UNet), to segment the region(s) of interest at a high resolution.
While the localization network utilizes the downsampled, low-resolution versions of the original
images, the segmentation network can process the cropped ROIs at a higher resolution. This multi-stage
pipeline helps mitigate the expensive memory requirements common to the use of 3D convolution
kernels, with large medical image volumes.
End-to-end localisation and segmentation: the multi-stage approach trains each network,
for localisation and segmentation, independently. To evaluate the benefits of such an approach,
and in particular, the use of GCAM for localization and ROI-refinement, we also investigated the
end-to-end training of both networks, to perform both tasks simultaneously. Given a final feature map
Fl ∈ IRZ,W,H,C estimated by the first network, the input to the second network F′s, was estimated as:
F′s = Il ⊗ Fl, where, ⊗ denotes element-wise multiplication. This operation helps guide the attention
of the second network to regions with high activations, thereby focusing the segmentation on areas
suggested by the localisation network.
3.1. Loss Functions
We use two different loss functions to train the multi-stage and end-to-end networks.
BCE-Dice Loss: The dice coefficient (DC) loss (Equation (2)) is a measure of overlap widely used
for training segmentation networks [33]. We used a combination of binary cross-entropy (Equation (3))
and DC loss functions, to train both networks for the binary segmentation task. This combined loss
(Equation (4)) is less sensitive to class imbalance in the data, and leverages the advantages of both loss
functions. Our experiments demonstrated better segmentation accuracy when using the combined
loss for binary segmentation, relative to employing either individually.
ζdc(y, ŷ) = 1−
∑n ynk ŷnk
∑n ynk + ∑n ŷnk
(2)
ζbce(y, ŷ) = −∑
k
[ŷnklog(ŷnk) + (1− ynk)(1− ŷnk)] (3)
ζ(y, ŷ) = ζdc(y, ŷ) + ζbce(y, ŷ) (4)
In Equations (2) and (3) ŷnk denotes the output of the model, where n represents the pixels,
k denotes the classes, and the ground truth labels are denoted ynk. We used the two-class version of
the DC loss ζdc(y, ŷ) proposed in [30].
Multi-class Dice loss: A modified version of the soft-dice loss was used for the task of multi-class
segmentation. We first calculate the dice score for each class individually, and then average them
over the number of classes. In order to segment an N × N × N input image (for example, a Cine-MRI
volume with LV, RV, myocardium (MYO) and Background as labels), the outputs are four probabilities
for classes k = 0, 1, 2, 3 where, ∑c yn,k = 1 for each voxel. Given the one-hot encoded ground truth
label ŷn,k for that corresponding voxel, the multi-class soft dice loss is defined as follows:






∑n ynk + ∑n ŷnk
). (5)
3.2. Datasets
In order to validate our framework, we conducted experiments using two different datasets
comprising Late-Gadolinium Enhanced MRI (LGE-MRI) and Cine-MRI scans. Both datasets are
publicly available and were provided as part of the STACOM 2018 and 2017 challenges. This study
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complies with the Declaration of Helsinki. For all patients, informed consent obtained and the
institutional ethical board (ethics committee of the University of Utah and University Hospital of
Dijon) approval was provided prior to the study. The data are parts of the challenge and analyzed
retrospectively. Table 1. demonstrates imaging parameters of the two datasets employed in this
study as well as pathology. Figure 3 illustrates a sample slice from each dataset and the specific heart
structure respectively. We split both the datasets into training, validation (80%), and test (20%) sets.
On the 80% training data, we performed five-fold cross-validation, and then tested the models on the
remaining 20%. We tried to be fair and have a thorough evaluation of our model, and that is why we
split the data in this way. Since the challenge organizers only provided the ground-truth label for their
training sets but not test set.
Table 1. Imaging parameters of the sequences employed in this study. Abbreviations: FOV, field
of view.
Datasets Sequence Resolution (mm3) Slices FOV (mm3) MR Scanner Pathology





LASC STACOM LGE-MR 0.625 × 0.625 × 0.625 88 88 × 640 × 64088 × 576 × 576
1.5 T Avanto
3.0 T Verio Atrial Fibrillation
Figure 3. Examples of Cine short-axis (left) and LGE-MR (right) images with different heart structures.
The red arrow points toward specific heart structure in different moralities.
3.2.1. LASC STACOM 2018
This dataset comprises 100 3D LGE-MRIs acquired from patients diagnosed with atrial fibrillation
(AF), and was provided as part of the STACOM 2018 challenge for the task of left atrium (LA)
segmentation. The resolution of the provided data is 0.625× 0.625× 0.625 mm3, with dimensions
of 88× 640× 640 and 88× 576× 576 voxels. A large proportion of the data was provided by the
University of Utah [34], while the rest were from multiple other institutes. Each 3D LGE-MRI volume
was acquired using a clinical whole-body MRI scanner (either a 1.5 Tesla Avanto or 3.0 Tesla Verio),
and its corresponding ground truth binary mask for the LA cavity, was annotated by experts.
3.2.2. ACDC STACOM 2017
The ACDC dataset provided as part of the MICCAI 2017 Challenge on automated cardiac
diagnosis, was created from real clinical exams, acquired at the University Hospital of Dijon.
This dataset consists of cardiac Cine-MR images (CMRI) from 100 patients that belong to one of
five classes, namely, healthy, dilated cardiomyopathy, hypertrophic cardiomyopathy, heart failure with
infarction, and right ventricular abnormality. The provided images are uniformly distributed over all
classes. Ground truth segmentations for the LV cavity, RV endocardium, and MYO, at end-diastole
(ED) and end-systole (ES), were generated manually by experts for all 100 samples. For each patient,
short-axis (SA) CMRIs with 28–40 frames are available, in which the ED and ES frame have been
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annotated. On average images, consist of nine slices where each slice has a spatial resolution of
≈235 × 263 voxels. The image slices cover the LV from the base to the apex. In-plane voxel spacing
varies from 1.37 to 1.68 mm, with a slice thickness of 5–10 mm. These images were acquired over
six years using two MRI scanners of different magnetic strengths (1.5 T (Siemens Area, Siemens
Medical Solutions, Germany) and 3.0 T (Siemens Trio Tim, Siemens Medical Solutions, Germany)).
Cine-MR images acquired during a breath-hold, with retrospective or prospective gating along
the short-axis.
3.3. Training
Due to low contrast in some of the LGE-MRI and Cine-MRI volumes, we enhanced the contrast
slice-by-slice, using contrast limited adaptive histogram equalization (CLAHE) [35], and normalized
each volume based on its the mean and standard deviation of intensity values. The volumes were
zero-padded, and center-cropped to a fixed-size input for the networks. Both datasets were split into
80% for training and validation and 20% for testing within a five-fold cross-validation scheme. For the
ACDC dataset, we uniformly distributed the pathological cases across the training and validation
sets. In all experiments, the trained networks evaluated using the held-out test data (20 subjects).
The adaptive moment estimation (ADAM) optimizer [36], a type of gradient descent algorithm,
was used to estimate the weights of all networks throughout this study. The learning rate was fixed
at 0.0001, and the exponential decay rates of the 1st and second—-moment estimates were set to 0.9
and 0.999, respectively. During training, segmentation accuracy was evaluated on the validation set
after each epoch of the network. Networks trained until the validation accuracy stopped increasing,
and the best performing model was selected for evaluation on the test set. The network was developed
in Keras and TensorFlow [37], an open-source deep learning library for Python, and trained on an
NVIDIA Titan X-Pascal GPU with 3840 CUDA cores and 12GB RAM.
3.4. Evaluation Metrics
To evaluate the performance of each CNN, we compared their segmentations with the provided
ground-truth masks, for each MRI volume. We used three different metrics to evaluate segmentation
accuracy, namely, the dice similarity coefficient (DSC), Hausdorff distance (HD), and average surface
distance (ASD). The DSC metric, also known as the F1-score, measures the degree of overlap between
the predicted and ground truth segmentations. It is the most widely used metric for evaluating
segmentation quality in medical imaging [38], and is defined as:
DSC(G, P) =
2TP





where G is the ground truth, and P is the predicted mask. TP, TN, FP and FN refer to true positive,
true negative, false positive, and false negative voxels, respectively.
HD is defined as the maximum of the minimum voxel-wise distances between the ground truth
and predicted object boundaries. This is expressed as:









ASD is the average of the minimum voxel-wise distances between the ground truth and predicted
object boundaries. By defining the shortest Euclidean distance of an arbitrary voxel v to a point P as







d̄(xP, G) + d̄(xG, P)
}
, (8)
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where NP and NG are the number of voxels on the object boundaries in the predicted and ground truth
masks, respectively.
4. Results
The LASC dataset comprised 100 volumes of 3D Late-Gadolinium Enhanced MRIs, from patients
diagnosed with atrial fibrillation. The CNN-based segmentation algorithms investigated in this study
were trained using a subset of this data, to learn features relevant to localizing and segmenting the
left atrium. All networks trained across these cross-validation experiments were evaluated using
the held-out test data (20 samples). The segmentation performance of each network investigated
was assessed using three evaluation metrics, namely, dice score (DSC), Hausdorff distance (HD),
and average surface distance (ASD). These measures were averaged across all cross-validation
experiments, and are summarized in Table 2.
The 3D DR-UNet multi-stage approach achieved mean DSC, HD, and ASD values of 90.44%,
21.68 mm, and 1.53 mm on the test data, respectively. On the other hand, the 3D DR-UNet
end-to-end network achieved a mean DSC value of 88.92%, HD of 21.73 mm, and ASD of 1.62 mm.
The segmentation scores for the other three networks were as follows—3D U-Net: DSC of 84.33%,
HD of 25.56 mm, ASD of 1.83 mm; 3D-VNet: DSC of 84.26%, HD of 26.39 mm, ASD of 1.62 mm;
and 3D DR-UNet: DSC of 87.46%, HD of 24.61 mm, ASD of 1.72 mm. These results indicate that both
proposed approaches, i.e., the multi-stage and end-to-end networks, outperform the state-of-the-art
in terms of the DSC, HD, and ASD metrics. Furthermore, based on these results, we conducted
additional experiments using the 3D DR-UNet multi-stage approach, with higher network capacity in
the second stage (i.e., 16 filters rather than 8). These results also presented in Table 2 and highlight the
additional improvement in segmentation accuracy afforded by increasing network capacity. The DSC,
HD, and ASD metrics improved to 91.2%, 20.3 mm, and 1.38 mm, respectively.
For the ACDC dataset, we resampled all volumes to 10 × 1.25 × 1.25 mm per voxel to account for
varying spatial resolutions. The intensities of all images normalized to zero-mean and unit variance.
Subsequently, we zero-padded all volumes to 16 × 256 × 256 voxels and used them to train all
networks. Table 3 summarizes the average segmentation performance of different methods across
all structures. As with the previous dataset, the DSC, HD, and ASD metrics were used to evaluate
segmentation quality. In the first set of experiments on this dataset, all networks performed the max
pooling operation on all three dimensions of the input volumes. The 3D DR-UNet multi-stage achieved
a mean DSC score of 84.8%, HD of 5.81 m, and ASD of 0.57 mm, on the test data. While, the end-to-end
variant achieved mean DSC scores of 83.7%, HD of 5.99 mm, and ASD of 0.60 mm. As the slice thickness
along the z dimension of all volumes in the ACDC dataset is very large, 5–10 mm, in the second set of
experiments, we ensured that the inputs were downsampled only along the x and y axes. With these
settings, 3D DR-UNet multi-stage yielded a mean DSC score of 88.4%, HD of 4.91 mm and ASD of
0.41 mm, and the end-to-end variant achieved mean DSC scores of 87.5%, HD of 5.58 mm, and ASD of
0.54 mm, respectively. These results indicate that both proposed methods once again outperformed
the state-of-the-art, and both benefit from max-pooling only along the x and y dimensions, to account
for the large voxel sizes along the z axis. Additionally, structure-wise segmentation accuracy for the
RV, LV, and MYO in the ACDC dataset, is summarized in Table 4. These results further highlight the
improvement in segmentation quality afforded by 3D DR-UNet multi-stage (Keep Z), relative to all
other networks investigated. The former consistently outperforms the rest, across all structures, at both
the ED and ES phases.
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Table 2. Segmentation performance of different network architectures on the test samples from the
LASC STACOM 2018 dataset, evaluated using the dice similarity coefficient (DSC), Hausdorff distance
(HD) and average surface distance (ASD) metrics (mean ± (std)). Filters denote here the initial number
of convolution kernels which used the byeach network.
Methods DSC ↑ HD[mm] ↓ ASD[mm] ↓
8 Filters
3D U-Net [17] 0.843 (±0.187) 25.569 (±21.107) 1.853 ±(1.536)
3D V-Net [33] 0.842 (±0.209) 26.397 (±25.387) 1.628 (±1.136)
3D DR-UNet [39] 0.874 (±0.098) 24.612 (±11.829) 1.728 (±1.200)
3D DR-UNet multi-stage 0.904 (±0.029) 21.685 (±7.793) 1.539 (±0.615)
3D DR-UNet end-to-end 0.889 (±0.062) 21.734 (±11.216) 1.621 (±0.889)
16 Filters
Yang et al. [22] 0.893 (±0.067) 24.45 (±12.455) 1.455 (±1.211)
3D DR-UNet multi-stage 0.912 (±0.031) 20.308 (±8.305) 1.386 (±0.486)
Table 3. Segmentation performance of different network architectures on the ACDC STACOM 2017,
evaluated using the DSC, HD and ASD metrics (mean ± (std)). Filters denote the initial number of
convolution kernels used by each network.
Methods DSC ↑ HD [mm] ↓ ASD [mm] ↓
32 Filters
3D U-Net [17] 0.825 (±0.123) 7.282 (±7.013) 1.680 (±4.505)
3D V-Net [33] 0.842 (±0.080) 5.894 (±2.664) 0.586 (±0.406)
3D DR-UNet [39] 0.848 (±0.056) 5.729 (±2.573) 0.591 (±0.461)
Mask-RCNN [40] 0.853 (±0.088) 5.127 (±2.312) 0.505 (±0.821)
3D DR-UNet multi-stage 0.850 (±0.068) 5.815 (±2.715) 0.575 (±0.465)
3D DR- UNet end-to-end 0.837 (±0.078) 5.991 (±2.598) 0.608 (±0.370)
3D DR-UNet multi-stage (Keep Z) 0.884 (±0.053) 4.916 (±2.247) 0.415 (±0.244)
3D DR-UNet end-to-end (Keep Z) 0.875 (±0.084) 5.583 (±3.447) 0.543 (±0.651)
Table 4. Structure-wise DSC, HD and ASD scores (mean ± (std)) for the right ventricle (RV),




















































































































































The quality of the segmentations generated using each network investigated in this study can
be visually assessed in Figure 4 for the LASC dataset, and Figures 5 and 6 for the ACDC dataset.
These help further highlight the benefits of the proposed multi-stage approach, for example, Figure 6
clearly shows the reduced number of false positives and false negatives estimated using the former,
compared to all other network configurations. This leads to RV, LV and MYO surfaces that resemble the
ground truth more closely than the rest; Figure 4 highlights a similar advantage for the LA; and Figure 5
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depicts a test sample wherein, the myocardium is captured completely in the apical and basal slices
using the multi-stage approach, which is not afforded by the others. This is particularly important in
the analysis of cardiac MRI as accurate segmentation of these slices directly impacts the estimation of
important cardiac functional indices such as LV volume, used routinely in the clinic for the diagnosis
of various cardiac pathologies. Furthermore, Figure 4 illustrates that the proposed methods accurately
segment the LA in contrast to the others, particularly in the case of the first subject which was more
challenging due to the presence of noise and low soft tissue contrast.
Figure 4. Examples of LA segmentations and 3D mesh generated using each network for the LASC
dataset. Top and bottom rows depict slices chosen at random from two test cases and their mesh
representation. The ground-truth mask is in green, and the rest are in red color respectively.
Figure 5. Figure depicts segmentation of the RV, LV, and MYO at the ED phase, for a test sample from the
ACDC dataset, generated using each network. Rows from top to bottom depict the basal, middle and
apical slices, respectively. In all figures, red, blue and green represent the RV, LV, and MYO, respectively.
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Figure 6. The surface mesh outputs produced by the different networks on a random test subject at the
ED phase of the heart. The colors red, green and blue indicate RV, MYO, and LV respectively.
Comparison with State-of-the-art Methods: We further compared our proposed method with
two other similar localization and segmentation methods including, Yang et al. and Mask-RCNN.
The results are shown in Tables 2 and 3. In [22], the authors first trained a Faster R-CNN to find the ROIs
(left atrium) within the volume and further segments LA using an encoder–decoder. They employed
many tweaks on their segmentation backbone such as, deep supervision, combo loss, and using
transfer learning to improve their model initialization. They also adopted a recursive refinement
step to improve the segmentation accuracy further. Thereby, their pipeline has so many trainable
parameters, and it is very complex to train. In contrast, we aimed to introduce a light-weight network
architecture to perform both localization and segmentation together. Here, our localization network
has less than a million parameters, which are very fast to train, and inference time takes only less than
a second for the entire volume. Yang et al. approach without any other tweaking steps achieved an
overall dice score of 0.893 and HD and ASD values of 24.45 and 1.455 mm for 20 test subjects on the
LASC dataset, while our method achieved an overall dice score of 0.91. Our reported results are an
average of all five fold-cross-validation, which covers both hard and easy cases. We also compared
our model with Mask-RCNN for the ACDC dataset, which outperformed Mask-RCNN based on all
evaluation metrics. The Mask-RCNN method achieved an overall dice score of 0.853 and HD and
ASD values of 5.127 and 5.05 mm, respectively. These results highlight the advantages afforded by our
proposed method.
Statistical Analysis
The effectiveness of our approach and its advantages over other segmentation methods was
evaluated using Bland–Altman analysis [41]. This statistical technique determines the agreement
between two quantitative measurements by constructing limits of agreement (LoA). The limits are
estimated using the mean and the standard deviation of the differences between the two segmentation
methods. For each component in the plot (each dot corresponds to one MR scan), a negative bias
indicates that the automated segmentation overestimates the volumes, while a positive one indicates
that it underestimates the volumes.
The Bland–Altman plots for differences in LA volumes obtained using manual and automated
segmentation methods on the LASC dataset, are shown in Figure 7. The volumes per patient is
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expressed in mm3. It can be observed that the agreement between our proposed method 3D DR-UNet
multi-stage (Keep Z) and manually generated ground truth is high with a bias (mean signed difference)
of −1.77 mm3 and limits of agreement of ±30.18 mm3 in terms of LA volume estimation. These results
suggest that the proposed method has a small bias to overestimate LA volume and that the variation
between automated and manual estimates of LA area is only slightly greater than the expert manual
annotation. The other methods have higher average volume differences, and there are some outlier
cases (refer to plots A-C in Figure 4), regarded as hard-examples to segment due to the presence of low
contrast and noise in the scans. However, our methods produced more accurate segmentation masks for
such cases resulting in significantly lower mean differences in LA volume and their corresponding LoA.
In other methods, since the global context information is not considered, they tend to over-segment
parts of MR volume, which have either similar morphology or contrast to LV, RV, and Myo structures.
However, our proposed methods accurately segment those cases, which is mainly because of the
localization step in both multi-stage and end-to-end networks that reduces the search space. For the
end-to-end approach, the first network produces the shallow probability map of the heart anatomy,
and it’s concatenated as an extra channel with the input of the second network to guide the model
to focus only on the localized region. It prevents the model from over-segmentation, consequently
resulting in a lower number of outlier cases.
Figure 7. Bland–Altman graphics presenting the differences between volumes obtained by manual
and automated segmentation methods, plotted against the mean of the 2 measurements for LASC
dataset. Volumes per patient are expressed in mm3. The solid lines(red) indicate the mean bias and the
dashed lines(blue) show the 95% CI (±1.96 SD). Each plot displays the agreement between method
segmentation output against the ground truth, (A) 3D UNet, (B) 3D VNET, (C) 3D DR-UNet, (D) 3D
DR-UNet End-2-End, (E) 3D DR-UNet multi-stage with eight filters and (F) 3D DR-UNet multi-stage
with 16 filters.
Furthermore, in Figure 8 each row depicts three Bland–Altman plots of the LV, RV, and Myo
respectively, generated with respect to the ground truth, for each segmentation method investigated.
These plots indicate that the multi-stage and end-to-end methods have a higher agreement with the
ground truth across all three cardiac structures, compared with 3D UNet, 3D VNet, and 3D DR-UNet.
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3D DR- UNet multi-stage (Keep Z) has an average mean difference volume of 2.18 mm3 for LV,
5.49 mm3 for RV, and 2.81 mm3 for MYO, with respect to their respective ground truth segmentations.
Figure 8. Bland–Altman graphics showing the differences between volumes obtained by manual
and automated segmentation plotted against the mean of the 2 measurements for ACDC dataset.
Volumes per patient are expressed in mm3. The solid lines(red) indicate the mean bias and the dashed
lines (blue) show the 95% CI (mean bias 1.96 SD). Each row shows three plots of LV, RV, and Myo for
3D UNet, 3D VNet, 3D DR-UNet, 3D DR- UNet multi-stage (Keep Z) and 3D DR- UNet end-to-end
(Keep Z) respectively.
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5. Discussion
Automatic localization and segmentation of cardiac structures in MRI are essential for several
clinical applications as they heavily influence subsequent quantitative and diagnostic analyses.
Although fully automated systems for extracting cardiac functional indices from MRIs are yet to
be adopted into routine clinical examinations, the design of robust frameworks for the same has
the potential to enhance the overall diagnostic workflow. For example, cardiac MRI segmentation is
necessary to measure blood pool and cardiac volumes, which aid in deriving functional indices such
as ES and ED ventricular volumes, ejection fractions, etc. These quantitative measures in turn are
used to diagnose patients. Consequently, automating this process would substantially reduce the time
spent by cardiologists in analyzing one patient’s images, as currently, the heart is segmented either
manually or semi-automatically to compute these measures. Additionally, this would help reduce
inter- and intra-rater variations, which are inevitable when such analyses are done manually, thereby
streamlining the overall process. Furthermore, intervention planning and subsequent image-guided
interventions could benefit significantly from the availability of high-quality volumetric segmentation.
To address these needs, this paper proposes a multi-stage, and end-to-end fully convolutional network
for cardiac MRI segmentation, which enables automated and robust delineation of cardiac structures
in the presence of varying degrees of pathology-induced morphological changes to the heart.
The flexibility of the framework is demonstrated by evaluating its segmentation performance
on two different datasets, acquired at separate centers, with different scanners and protocols.
The proposed framework, and in particular the multi-stage variant, consistently outperformed the
state-of-the-art in terms of segmentation accuracy. While CNN-based segmentation algorithms have
proven to be highly effective for a variety of applications, they are computationally expensive and
require a large amount of annotated training data to generalize well to unseen samples. It is particularly
challenging to address within the medical domain, due to the high cost of acquiring such ground
truth annotations. Additionally, 3D medical images such as cardiac MRI volumes require a lot of
computational resources (memory) due to their large size, limiting the complexity of trainable networks.
Consequently, we designed our multi-stage network to exploit the benefits of localizing the structure(s)
of interest (in its first stage), using gradient-based class activation maps (GCAM). By identifying ROIs,
sub-volumes within the cardiac MRIs were cropped and used to train the segmentation network.
This in turn reduced the computational expense, thereby enabling the design of a deeper segmentation
network while also maintaining the sub-volumes at a higher resolution, relative to when the entire
image volume is used. It helps reduce the loss in information resulting from downsampling the image
volumes. The proposed multi-stage approach also exploits both local and global information using
dilated convolutions and residual connections in the encoder branch. Dilated convolutions control the
spatial context of the features learned by the model and adjust the filter’s receptive-field to capture
multi-scale information. Furthermore, the residual connections between convolution layers ensure a
smoother flow of gradients in the backward pass.
Experiments conducted using the LASC dataset indicate that end-to-end training of our
framework produces comparable results to its multi-stage variant. It is because the attention
of the second encoder–decoder network is guided by the features learned in the first network.
Both approaches exploit the benefit of intermediate localization of the LA, resulting in improved
segmentation accuracy, relative to the other approaches investigated, which lack this component.
For the ACDC dataset, the multi-stage method substantially outperformed the end-to-end network
across all three structures. It is because the LA is relatively easy to segment in the provided LGE-MRI
dataset due to the high resolution of the images. Consequently, the advantage offered by the multi-stage
approach (i.e., segmenting at a higher resolution) is less apparent than in the ACDC dataset (where the
spatial resolution of the images is lower). We believe that the proposed framework is useful for a variety
of clinical applications requiring cardiac MRI segmentation, by providing high-quality segmentation for
images acquired from a wide age demographic of patients, with varying degrees of pathology-induced
morphological changes, and at different centers, using different scanners and protocols.
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Even though the segmentation accuracy of our approach was high for the LV blood pool, RV and
LA, there is still room for improvement, especially for the myocardium and LA borders. For future
work, we aim to test and verify the robustness and generalizability of our method by evaluating the
performance on a more diverse and motion included clinical MR images. The challenge datasets
are typically collected carefully to have better results reproducibility. However, in the real clinical
scenario, clinicians acquire many low and high-quality cardiac MR images under different settings and
configurations. On the other hand, deep learning-based models are sensitive to domain shift and data
acquisition change. Therefore, a comprehensive evaluation of the proposed model will be performed
using the UK BioBank dataset, which includes a large number of subjects, with different pathologies
and artifacts.
6. Conclusions
In this paper, we introduced two strategies for training a segmentation network, namely,
multi-stage and end-to-end, for automatic cardiac MRI localization and segmentation. Accurate heart
chamber localization directly enables faster data navigation and visualization of target structures,
which can undoubtedly save the radiologist times. The objective was to facilitate the generation of
accurate, high-resolution segmentation with limited training samples. Our approach does not require
significant pre-processing of the MR images or post-processing operations and utilizes the entire
3D volume, to explicitly use spatial information in three dimensions. The proposed method first
estimates a coarse density map localizing the structure of interest. It acts as an attention map focusing
the second (segmentation) stage of the network within the region of interest (ROI). Finding ROIs
with high precision allows us to build a deeper network, and also segment cardiac structures at a
higher resolution. Compared to existing CNN-based segmentation approaches, the proposed scheme
has shown its superiority in terms of segmentation robustness and accuracy, for images exhibiting
substantial variations in morphology and appearance due to pathology.
Author Contributions: S.V. and N.R. conceived the original idea. S.V. and N.R. conducted the experiments and
analysed the results. S.V. developed the deep learning network architecture. S.V. and N.R. wrote the main part of
the manuscript. A.M. and N.R. provided expertise through intense discussions. All authors have read and agreed
to the published version of the manuscript.
Funding: This research received no external funding.
Acknowledgments: This work described in this paper was partially supported by the project BIG-THERA:
Integrative ‘BigData Modeling’ for the development of novel therapeutic approaches for breast cancer, and the
BMBF grant: Using big data to advance breast cancer research. The authors would also like to thank NVIDIA for
donating a Titan X-Pascal GPU.
Conflicts of Interest: The authors declare that they have no competing interest.
Abbreviations
The following abbreviations are used in this manuscript:





ACDC Automatic cardiac segmentation challenge
LASC Left atrium segmentation challenge
3D DR-UNet 3D dilated residual U-Net
GCAM Gradient-weighted class activation maps
J. Imaging 2020, 6, 65 17 of 19
References
1. Group, E.S.D.; Timmis, A.; Wilkins, E.; Wright, L.; Townsend, N.; Gale, C.; Grobbee, R.; Vos, R.; Blum, M.;
Maniadakis, N.; et al. European Society of Cardiology: Cardiovascular Disease Statistics 2017. Eur. Heart J.
2017, 39, 508–579.
2. Benjamin, E.J.; Blaha, M.J.; Chiuve, S.E.; Cushman, M.; Das, S.R.; Deo, R.; de Ferranti, S.D.; Floyd, J.;
Fornage, M.; Gillespie, C.; et al. Heart Disease and Stroke Statistics 2014;2017 Update: A Report From the
American Heart Association. Circulation 2017, 135, e146–e603. [CrossRef] [PubMed]
3. Avendi, M.R.; Kheradvar, A.; Jafarkhani, H. Automatic segmentation of the right ventricle from cardiac MRI
using a learning-based approach. Magn. Reson. Med. 2017, 78, 2439–2448. [CrossRef] [PubMed]
4. Petitjean, C.; Dacher, J.N. A review of segmentation methods in short axis cardiac MR images. Med. Image
Anal. 2011, 15, 169–184. [CrossRef] [PubMed]
5. Petitjean, C.; Zuluaga, M.A.; Bai, W.; Dacher, J.N.; Grosgeorge, D.; Caudron, J.; Ruan, S.; Ayed, I.B.;
Cardoso, M.J.; Chen, H.C.; et al. Right ventricle segmentation from cardiac MRI: A collation study.
Med. Image Anal. 2015, 19, 187–202. [CrossRef]
6. Tao, Q.; Ipek, E.G.; Shahzad, R.; Berendsen, F.F.; Nazarian, S.; van der Geest, R.J. Fully automatic
segmentation of left atrium and pulmonary veins in late gadolinium-enhanced MRI: Towards objective atrial
scar assessment. J. Magn. Reson. Imaging 2016, 44, 346–354. [CrossRef]
7. Gauriau, R.; Cuingnet, R.; Lesage, D.; Bloch, I. Multi-organ localization with cascaded global-to-local
regression and shape prior. Med. Image Anal. 2015, 23, 70–83. [CrossRef]
8. Pauly, O.; Glocker, B.; Criminisi, A.; Mateus, D.; Möller, A.M.; Nekolla, S.; Navab, N. Fast Multiple
Organ Detection and Localization in Whole-body MR Dixon Sequences. In Proceedings of the 14th
International Conference on Medical Image Computing and Computer-Assisted Intervention—Volume Part
III, MICCAI’11, Toronto, ON, Canada, 18–22 September 2011; Springer: Berlin/Heidelberg, Germany, 2011;
pp. 239–247.
9. Avendi, M.; Kheradvar, A.; Jafarkhani, H. A combined deep-learning and deformable-model approach
to fully automatic segmentation of the left ventricle in cardiac MRI. Med Image Anal. 2016, 30, 108–119.
[CrossRef]
10. Hajiaghayi, M.; Groves, E.M.; Jafarkhani, H.; Kheradvar, A. A 3-D Active Contour Method for Automated
Segmentation of the Left Ventricle From Magnetic Resonance Images. IEEE Trans. Biomed. Eng. 2017,
64, 134–144. [CrossRef]
11. Grosgeorge, D.; Petitjean, C.; Dacher, J.N.; Ruan, S. Graph cut segmentation with a statistical shape model in
cardiac MRI. Comput. Vis. Image Underst. 2013, 117, 1027–1035. [CrossRef]
12. Medrano-Gracia, P.; Cowan, B.R.; Suinesiaputra, A.; Young, A.A. Atlas-based anatomical modeling and
analysis of heart disease. Drug Discov. Today Dis. Model. 2014, 14, 33–39. [CrossRef] [PubMed]
13. Depa, M.; Sabuncu, M.R.; Holmvang, G.; Nezafat, R.; Schmidt, E.J.; Golland, P. Robust Atlas-Based
Segmentation of Highly Variable Anatomy: Left Atrium Segmentation; Camara, O., Pop, M., Rhode, K.,
Sermesant, M., Smith, N., Young, A., Eds.; Statistical Atlases and Computational Models of the Heart;
Springer: Berlin/Heidelberg, Germany, 2010; pp. 85–94.
14. Medrano-Gracia, P.; Cowan, B.R.; Bluemke, D.A.; Finn, J.P.; Kadish, A.H.; Lee, D.C.; Lima, J.A.;
Suinesiaputra, A.; Young, A.A. Atlas-based analysis of cardiac shape and function: Correction of regional
shape bias due to imaging protocol for population studies. J. Cardiovasc. Magn. Reson. 2013, 15, 80. [CrossRef]
[PubMed]
15. Zotti, C.; Luo, Z.; Lalande, A.; Jodoin, P. Convolutional Neural Network with Shape Prior Applied to Cardiac
MRI Segmentation. IEEE J. Biomed. Health Inform. 2018, 23, 1119–1128. [CrossRef] [PubMed]
16. Shelhamer, E.; Long, J.; Darrell, T. Fully Convolutional Networks for Semantic Segmentation. IEEE Trans.
Pattern Anal. Mach. Intell. 2017, 39, 640–651. [CrossRef] [PubMed]
17. Ronneberger, O.; Fischer, P.; Brox, T. U-Net: Convolutional Networks for Biomedical Image Segmentation;
Navab, N., Hornegger, J., Wells, W.M., Frangi, A.F., Eds.; Medical Image Computing and Computer-Assisted
Intervention—MICCAI 2015; Springer: Munich, Germany, 2015; pp. 234–241.
18. Xiong, Z.; Fedorov, V.V.; Fu, X.; Cheng, E.; Macleod, R.; Zhao, J. Fully Automatic Left Atrium Segmentation
From Late Gadolinium Enhanced Magnetic Resonance Imaging Using a Dual Fully Convolutional Neural
Network. IEEE Trans. Med Imaging 2019, 38, 515–524. [CrossRef]
J. Imaging 2020, 6, 65 18 of 19
19. Zhong, L.; Zhang, J.M.; Zhao, X.; Tan, R.S.; Wan, M. Automatic Localization of the Left Ventricle from
Cardiac Cine Magnetic Resonance Imaging: A New Spectrum-Based Computer-Aided Tool. PLoS ONE 2014,
9, 1–13. [CrossRef]
20. Vigneault, D.M.; Xie, W.; Ho, C.Y.; Bluemke, D.A.; Noble, J.A. Ω-Net (Omega-Net): Fully automatic,
multi-view cardiac MR detection, orientation, and segmentation with deep neural networks. Med Image Anal.
2018, 48, 95–106. [CrossRef]
21. Bernard, O.; Lalande, A.; Zotti, C.; Cervenansky, F.; Yang, X.; Heng, P.; Cetin, I.; Lekadir, K.; Camara, O.;
Gonzalez Ballester, M.A.; et al. Deep Learning Techniques for Automatic MRI Cardiac Multi-Structures
Segmentation and Diagnosis: Is the Problem Solved? IEEE Trans. Med Imaging 2018, 37, 2514–2525. [CrossRef]
22. Yang, X.; Wang, N.; Wang, Y.; Wang, X.; Nezafat, R.; Ni, D.; Heng, P.A. Combating Uncertainty with Novel
Losses for Automatic Left Atrium Segmentation. In Proceedings of the Statistical Atlases and Computational
Models of the Heart Workshop, STACOM 2018, Granada, Spain, 16 September 2018; pp. 246–254.
23. Chen, S.; Roth, H.; Dorn, S.; May, M.; Cavallaro, A.; Lell, M.; Kachelrieß, M.; Oda, H.; Mori, K.; Maier, A.
Towards Automatic Abdominal Multi-Organ Segmentation in Dual Energy CT using Cascaded 3D Fully
Convolutional Network. In Proceedings of the the Fifth edition of The International Conference on Image
Formation in X-ray Computed Tomography, Regensburg, Germany, 3–7 August 2018; pp. 395–398.
24. Chen, S.; Zhong, X.; Hu, S.; Dorn, S.; Kachelriess, M.; Lell, M.; Maier, A. Automatic Multi-Organ
Segmentation in Dual Energy CT Using 3D Fully Convolutional Network. In Proceedings of the MIDL,
Amsterdam, The Netherlands, 4–6 July 2018.
25. Isensee, F.; Jaeger, P.F.; Full, P.M.; Wolf, I.; Engelhardt, S.; Maier-Hein, K.H. Automatic Cardiac Disease
Assessment on cine-MRI via Time-Series Segmentation and Domain Specific Features. In Proceedings of
the International Workshop on Statistical Atlases and Computational Models of the Heart, Granada, Spain,
16 September 2018; pp. 120–129.
26. Bello, G.A.; Dawes, T.J.W.; Duan, J.; Biffi, C.; de Marvao, A.; Howard, L.S.G.E.; Gibbs, J.S.R.; Wilkins, M.R.;
Cook, S.A.; Rueckert, D.; et al. Deep-learning cardiac motion analysis for human survival prediction.
Nat. Mach. Intell. 2019, 1, 95–104. [CrossRef]
27. Ruijsink, B.; Puyol-Antón, E.; Oksuz, I.; Sinclair, M.; Bai, W.; Schnabel, J.A.; Razavi, R.; King, A.P.
Fully Automated, Quality-Controlled Cardiac Analysis From CMR: Validation and Large-Scale Application
to Characterize Cardiac Function. JACC Cardiovasc. Imaging 2020, 13, 684–695. [CrossRef]
28. Fahmy, A.S.; Rausch, J.; Neisius, U.; Chan, R.H.; Maron, M.S.; Appelbaum, E.; Menze, B.; Nezafat, R.
Automated Cardiac MR Scar Quantification in Hypertrophic Cardiomyopathy Using Deep Convolutional
Neural Networks. JACC Cardiovasc. Imaging 2018, 11, 1917–1918. [CrossRef] [PubMed]
29. He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the 2016
IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA, 27–30 June
2016; pp. 770–778.
30. Yu, F.; Koltun, V. Multi-Scale Context Aggregation by Dilated Convolutions. arXiv 2015, arXiv:1511.07122.
31. Selvaraju, R.R.; Cogswell, M.; Das, A.; Vedantam, R.; Parikh, D.; Batra, D. Grad-CAM: Visual Explanations
from Deep Networks via Gradient-Based Localization. In Proceedings of the 2017 IEEE International
Conference on Computer Vision (ICCV), Venice, Italy, 22–29 October 2017; pp. 618–626.
32. Zhou, B.; Khosla, A.; Lapedriza, À.; Oliva, A.; Torralba, A. Learning Deep Features for Discriminative
Localization. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Las Vegas,
NV, USA, 27–30 June 2016; pp. 2921–2929.
33. Milletari, F.; Navab, N.; Ahmadi, S. V-Net: Fully Convolutional Neural Networks for Volumetric Medical
Image Segmentation. In Proceedings of the 2016 Fourth International Conference on 3D Vision (3DV),
Stanford, CA, USA, 25–28 October 2016; pp. 565–571.
34. Oakes, R.S.; Badger, T.J.; Kholmovski, E.G.; Akoum, N.; Burgon, N.S.; Fish, E.N.; Blauer, J.J.; Rao, S.N.;
DiBella, E.V.; Segerson, N.M.; et al. Detection and Quantification of Left Atrial Structural Remodeling with
Delayed-Enhancement Magnetic Resonance Imaging in Patients with Atrial Fibrillation. Circulation 2009,
119, 1758–1767. [CrossRef] [PubMed]
35. Zuiderveld, K. Contrast Limited Adaptive Histogram Equalization. In Graphics Gems IV; AP Professionals:
San Diego, CA, USA, 1994; pp. 474–485.
36. Kingma, D.P.; Ba, J. Adam: A Method for Stochastic Optimization. arXiv 2014, arXiv:1412.6980.
J. Imaging 2020, 6, 65 19 of 19
37. Abadi, M.; Barham, P.; Chen, J.; Chen, Z.; Davis, A.; Dean, J.; Devin, M.; Ghemawat, S.; Irving, G.;
Isard, M.; et al. TensorFlow: A system for large-scale machine learning. In Proceedings of the 12th
USENIX Symposium on Operating Systems Design and Implementation (OSDI 16), Savannah, GA, USA,
2–4 November 2016; pp. 265–283.
38. Huttenlocher, D.P.; Klanderman, G.A.; Rucklidge, W.J. Comparing images using the Hausdorff distance.
IEEE Trans. Pattern Anal. Mach. Intell. 1993, 15, 850–863. [CrossRef]
39. Vesal, S.; Ravikumar, N.; Maier, A. Dilated Convolutions in Neural Networks for Left Atrial Segmentation in
3D Gadolinium Enhanced-MRI. In Proceedings of the Statistical Atlases and Computational Models of the
Heart Workshop, STACOM 2018, Granada, Spain, 16 September 2018; pp. 319–328.
40. He, K.; Gkioxari, G.; Dollár, P.; Girshick, R. Mask R-CNN. In Proceedings of the 2017 IEEE International
Conference on Computer Vision (ICCV), Venice, Italy, 22–29 October 2017; pp. 2980–2988.
41. Bland, J.M.; Altman, D. Statistical Methods for Assessing Agreement Between Two Methods of Clinical
Measurement. Lancet 1986, 327, 307–310. [CrossRef]
c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
